Here, we examine whether endogenous neurotrophon OD segregation, the anterograde transneuronal tracer, [
3 H]-proline, was injected intraocularly to label ins are involved in OD segregation. Nearly all of the accumulated data regarding effects of neurotrophins the LGN axon terminals specific for the eye ipsilateral to the infused hemisphere. Horizontal sections through on neuronal morphology, patterns of connectivity, and synaptic transmission in the CNS have been obtained visual cortex were subjected to emulsion autoradiography to allow visualization of the labeled terminals in in vitro; in vivo studies have involved the administration of added neurotrophins, rather than determining cortical layer 4 by darkfield microscopy, and silver grain density was quantified by densitometry. whether there is a requirement for endogenous neurotrophins. In the present study, the in vivo application of Recently, a series of soluble fusion proteins have been constructed from the extracellular domains of trkA, trkB, chimeric proteins, consisting of the extracellular domain of each of the trk receptors fused to the Fc tail of a or trkC, linked to the Fc tail of a human IgG, that function effectively as competitive antagonists of the trk recephuman IgG, that effectively sequester specific endogenous neurotrophins is used to demonstrate that the actors in binding of endogenous ligand . The construction of these fusion proteins, detion of one or more ligands of trkB is essential for OD segregation.
noted trkA-IgG, trkB-IgG, and trkC-IgG, respectively, their expression in 293 cells, and their purification by protein A affinity chromatography have been described Results elsewhere . These proteins bind to neurotrophins in vitro with relatively normal affinity and The segregation of LGN axon terminals into OD patches in layer 4 of visual cortex takes place primarily between specificity and, when present in excess, block neurotrophin-promoted survival of cultured dorsal root and postnatal days 21 (P21) and 50 (P50) in the cat (LeVay et al., 1978) . Our earlier analysis of the effects of neurosympathetic neurons . Moreover, in vivo administration of trkA-IgG blocks inflammationtrophin infusion during this developmental period on OD segregation (Cabelli et al., 1995) , and our descriptive induced peripheral hyperalgesia, presumably through antagonism of endogenous NGF action on nociceptive studies of neurotrophin receptor expression and localization (Allendoerfer et al., 1994; Cabelli et al., 1996) , sensory neurons . suggested that OD segregation might require the action of endogenous ligands of trkB. In order to determine Infusion of a Competitor of TrkB Inhibits Ocular Dominance Column Formation whether endogenous neurotrophins are necessary for OD patch formation, neurotrophin antagonists were inTo determine whether segregation requires the action of endogenous ligands of trkB, trkB-IgG was infused fused by osmotic minipump directly into visual cortex, through a beveled cannula placed in the white matter continuously into visual cortex for 2-3 weeks during the period from P21-P46, when segregation is taking place. and directed toward the medial bank of the lateral gyrus. Infusions were carried out for a 2-3 week period, con-
The results of one such infusion experiment, carried out from P27-P42, are presented in Figure 1 . Darkfield cluding at P42 unless otherwise noted, at which time OD patches have clearly formed, though segregation is photomicrographs and densitometric scans of transneuronally-labeled LGN axon terminals in layer 4 are not yet complete. To assess the effects of the infusions TrkB-IgG, 1.2 mg/ml, was infused into cat visual cortex from P27-P42. LGN axon terminals were labeled by intraocular injection of [ 3 H]-proline at P32 and visualized by emulsion autoradiography. Profiles of silver grain density in layer 4 are shown for seven horizontal sections at varying depths in the dorsoventral axis. The position of the cannula track is indicated by the shaded arrow. Darkfield images for four sections within this region of visual cortex, whose position is indicated by the unfilled arrows, are shown on the right. For those images for which a corresponding grain density profile is shown (i.e., the lower three images), a star marks the anterior edge of the region in which grain density was quantified. The hole in the white matter in these and subsequent images reflects the passage of the cannula. M, medial; A, anterior. Scale bar, 1 mm. TrkB-IgG was infused into cat visual cortex from P21-P42, at 2.5 mg/ml (A and D) or from P28-P46, at 1.5 mg/ml (B) and 0.5 mg/ml (C). A single darkfield image is shown from each brain, along with the corresponding profile of silver grain density in layer 4. The sections shown in (A) and (C) were immediately below the tip of the cannula, represented here by an "x." The rightward extension of the profile in (B) beyond the darkfield image reflects the curvature of the posterior cortex. M, medial; A, anterior. Scale bar, 1 mm.
shown for a series of representative horizontal sections, depths within primary visual cortex relative to the cannula site. Examples from two additional trkA-IgG infuspanning a depth of over 2.25 mm in the dorsoventral sion experiments are also shown ( Figures 3B and 3C ). axis, which include the cannula track as well as portions Again, no evidence of an effect on the development of visual cortex well below and to the sides of the canof eye-specific patches was found. TrkC-IgG infusions nula tip. The normal periodic fluctuations in the density also had no clear effect on the segregation of LGN axons of silver grains representative of OD patches are disinto OD patches as judged by transneuronal autoradiogtinctly absent within a region of cortex ‫2ف‬ mm in length raphy ( Figure 4 ). adjacent to the cannula site in the white matter; in contrast, OD patches are clearly present in adjacent regions of visual cortex. Moreover, at a depth ‫9.0ف‬ mm below Quantitative Analysis of Ocular the last sight of the cannula track, pronounced periodic Dominance Segregation fluctuations in silver grain density are again visible Results presented above suggest that an endogenous throughout the cortex, as would be expected if the inhibligand of trkB may be involved in the formation of OD itory effect of trkB-IgG were manifested only within 1 patches within layer 4 of cat visual cortex. To substantimm or so in all dimensions of the site of infusion. Examate these observations, and to quantitate the degree to ples of the effects of trkB-IgG infusion in other animals which the various treatments have affected the segregaare shown in Figure 2 . TrkB-IgG infusion consistently tion of LGN axon terminals into OD patches, a complete (n ϭ 5) resulted in a diminution or a complete inhibition set of autoradiographic images for each brain, derived, of OD segregation in layer 4, although the size of the when possible, from every sixth 25 m thick section, region of visual cortex affected by the infusion was variwere subjected to a statistical analysis of silver grain able from brain to brain, ranging from approximately 2 density in layer 4. Silver grain density profiles, examples mm to as much as 3.5 mm in length along the anteriorof which are shown in Figures 1-4 , were obtained for posterior axis (see also Table 1 ). Concentrations of trkBtransneuronally-transported label in layer 4 within each IgG ranging from 0.5-2.5 mg/ml were used with similar section. We were particularly interested in three parameefficacy in preventing the formation of OD patches durters of silver grain density that provide information on ing the infusion period.
the status of LGN axon terminals: peak amplitude (peakTrkA-IgG and trkC-IgG were also infused into visual to-trough height), which gives an indication of the cluscortex during this developmental time period. As shown tering of axon terminals and hence the degree of segrein Figure 3A , infusion of trkA-IgG had no obvious effect gation (LeVay et al., 1978; Antonini and Stryker, 1993a) ; on the formation of OD patches in layer 4. The intensity periodicity (peak-to-peak distance), which in normal animals is about 0.9 mm, the width of a right-plus-left eye and periodicity of OD patches appeared normal at all OD patch (LeVay et al., 1978) ; and the silver grain density are also presented in Table 1 . In contrast to the significant reductions in the quantitative parameters associindex, which provides an indirect measure of branching and arborization. ated with trkB-IgG infusion, no changes in average peak amplitude, periodicity, or grain density indices were deAs shown in Table 1 , trkB-IgG infusions significantly affected all three parameters within the region immeditected following trkA-IgG or trkC-IgG infusion. Thus, infusion of trkB-IgG, but not trkA-IgG or trkC-IgG, proately surrounding the infusion site (denoted the cannula window or infused window in the quantitative breakfoundly affects the formation of OD patches in layer 4. These observations are entirely consistent with our down of the silver grain density profiles). Average peak amplitude was reduced to 40.6% Ϯ 17.7% of the control previous study (Cabelli et al., 1995) implicating a role for NT-4/5 or BDNF in OD patch formation. To more values determined for adjacent, unaffected regions within the sections. However, in all 5 brains, sections directly compare the effects of NT-4/5 infusion with our current observations, we carried out a similar quantitalying 0.5 mm or more (depending on the experiment) below the cannula tip exhibited OD patches of normal tive analysis on the material generated in the earlier study; these results are also shown in Table 1 . Four amplitude (92.3% Ϯ 8.1% of control) and periodicity (0.85 Ϯ 0.05 mm) within the same area, suggesting that brains infused with 0.2 mg/ml NT-4/5 and one brain infused with a 3-fold lower concentration (0.067 mg/ml) the absence of OD patches was not due to a coincidental labeling artifact or perturbation of the visual pathway.
of NT-4/5 were analyzed for the presence of OD patches in layer 4. All five brains exhibited uniform autoradioThe average silver grain density index was 0.19 Ϯ 0.34 within the infused region. This value has been normalgraphic labeling within the infused region. NT-4/5 infusion reduced average peak amplitude to 27.4% Ϯ 11.7% ized for comparison with adjacent uninfused regions. A value of 1 would indicate a grain density equivalent to of control values (Table 1) . Inhibition of OD segregation was also observed with 0.067 mg/ml NT-4/5, although that observed in the peaks corresponding to OD patches from the injected eye, while a value of 0 would be equivaan even lower concentration (0.04 mg/ml) failed to affect the formation of OD patches (n ϭ 1; data not shown). lent to the grain density measured for uninjected eye patches. The observation here, that the grain density These results stand in marked contrast to the lack of effect of NGF at concentrations as high as 1 mg/ml (n ϭ index within trkB-IgG infused regions, while variable, was well below 0.5, indicates a reduction in labeling and 2; data not shown, but see Cabelli et al., 1995) . The effects of NT-4/5 infusion on overall silver grain implies that the degree of branching of LGN axons may be significantly lower than normal. density were somewhat variable. The grain density index was increased relative to that in adjacent unaffected The results of similar analyses, carried out for experiments in which either trkA-IgG or trkC-IgG was infused, brain regions in three out of four cases (average value of 0.79, compared with an average value of 0.50 for visual cortex, and tissue blocks ‫3ف(‬ mm on a side) containing the injection sites were analyzed immunochemiunaffected regions; Table 1 ), but was reduced in the fourth case. Infusion of 0.067 mg/ml NT-4/5 did not apcally for trkA-IgG and trkB-IgG content. For each trkIgG, identical injections were made into the visual cortex pear to enhance label density at all, although it did prevent OD segregation. Thus, it may be that high levels of of two animals; one tissue block was dissected immediately following the injection and the other was dissected NT-4/5 can increase the amount of axonal branching (see Discussion). two days later. A two-site ELISA assay, in which IgGcontaining proteins are first bound via an immobilized human Fc-specific antibody, and the resulting immune Diffusion and In Vivo Stability of Infused Trk-IgG To confirm that the differences in the biological effect complexes are then probed with an anti-trkA or -trkB extracellular domain-specific antibody, was used to deof the infused trk-IgGs were due to genuine differences in their specificity as competitive antagonists of neurotermine the fraction of the infused trk-IgG that retained both domains of the fusion protein.
As shown in Table  trophin -trk interaction, rather than to variations in their bioavailability or stability, representative sections were 2, 2 days after injection, all (Ͼ97.8%) of the trkB-IgG detectable within the tissue block was fully intact by immunostained with an antibody directed against the Fc tail of human IgG. As shown in Figure 5 , all three this criterion. Only a fraction (14.4%) of the injected trkB-IgG, however, was still present within the dissected trk-IgGs diffused extensively from their infusion sites within the cortical white matter. While the trk-IgGs did tissue block; this was most likely due to a combination of diffusion into the surrounding tissue and complete appear to diffuse more readily within the white matter than into the cortical plate (a phenomenon observed degradation of some of the trkB-IgG. Similar results were obtained for trkA-IgG. That a smaller fraction of previously with infused neurotrophins; Cabelli et al., 1995) , significant levels of the Fc tail of the infused trkthe injected trkA-IgG was present within the dissected tissue block 2 days after the injection than had been IgGs were detected within the adjacent cortical plate in all infused brains (Figures 5A, 5C, and 5E) .
the case for trkB-IgG may be explained by somewhat greater diffusion of the trkA-IgG. For example, in 2-day To obtain information on the in vivo stability of the trk-IgGs, and to test the validity of Fc-specific staining infusions carried out on littermates of these animals, trkA-IgG was detected (by Fc-specific immunohistoas a measure of trk-IgG spread within brain tissue, trkAIgG or trkB-IgG were injected separately into P36 ferret chemistry) throughout a region much larger in volume than the tissue blocks analyzed in Table 2 (data not infusions of excess NT-4/5 or BDNF and of the ligandsequestering reagent, trkB-IgG, are presumed to exert shown). The similar in vivo stability of trkA-IgG and trkBtheir effects on OD segregation by modifying the availIgG suggests that differences in bioavailability are unability of activating ligands and, therefore, the state of likely to be responsible for the lack of effect of trkA-IgG activation of trkB. Activation of the trk receptors involves on OD segregation. In addition, the absence of large ligand-dependent dimerization and concomitant autoamounts of partially degraded trk-IgGs supports the use phosphorylation of the intracellular kinase domain at a of Fc-specific immunohistochemistry ( Figures 5A, 5C , number of specific tyrosine residues (Obermeier et al., and 5E) to approximate the spatial distribution of the 1993; Stephens et al., 1994; Segal et al., 1996) necessary intact fusion protein during the course of these experifor both activation of kinase activity and the formation ments. Since a portion of the injected trk-IgG was presof signal transduction complexes. ent in intact form fully 2 days after injection (Table 2) , Does manipulation of NT-4/5 and BDNF availability and the OD segregation experiments were carried out result in changes in the phosphorylation of trkB in speby means of constant infusion of trk-IgGs via osmotic cific cellular locations within visual cortex? An affinityminipump, we presume that intact trk-IgGs were present purified antibody generated against a 14 amino acid near the infusion site throughout the duration of the sequence in the trkB cytoplasmic domain, containing a experiments.
phosphotyrosine residue (Segal et al., 1996) that contributes to the formation of an SHC binding site upon trkB Manipulation of Neurotrophin Availability Affects autophosphorylation and activation (Obermeier et al., Trk Autophosphorylation 1993; Stephens et al., 1994; Segal et al., 1996) , was used We have shown here that intracortical infusion of trkBin immunohistochemistry to detect changes in the phosIgG, but not trkA-IgG or trkC-IgG, inhibits the segregaphorylation of trkB. It should be noted that this particular tion of LGN axon terminals into eye-specific patches.
antibody, denoted anti-pY490-trk (in recognition of the Infusions of NT-4/5 or BDNF also prevent segregation fact that the analogous phosphotyrosine is found at (Cabelli et al., 1995;  Table 1 ). Taken together, these position 490 in trkA), also recognizes trkA or trkC phosobservations suggest that an endogenous ligand of trkB phorylated at an equivalent tyrosine residue (Segal et al., plays a required role in promoting the axon remodeling 1996). In the experiments described below, competitive inhibition of immunostaining by preincubation with the that is an essential component of OD segregation. The throughout a large area of visual cortex in both P40 cat ( Figure 6A ) and P36 ferret brain (data not shown). At higher magnification, it can be seen that the increased signal reflects staining of neurons in all cortical layers ( Figure 6C ) and of cells, including residual subplate neurons, and fibers in the white matter (data not shown).
The observed trk autophosphorylation response to the infused factor throughout all cortical layers suggests even greater diffusion into the cortical plate than is obvious from direct immunohistochemical staining for NT-4/5 (Cabelli et al., 1995) , and is entirely consistent with the known distribution of trkB immunoreactivity in visual cortex (Cabelli et al., 1996) . Following injection or infusion of NT-4/5, we have also observed robust staining of fibers and occasional subplate neurons in the white matter using an anti-NT-4/5 antibody that preferentially recognizes exogenous recombinant human NT-4/5 (data not shown; Cabelli et al., 1995, Soc. Neurosci., abstract) , suggesting that infused NT-4/5 binds to and/or is taken up by these structures and consistent with the observed changes in neurotrophin receptor phosphorylation. A similar enhancement of pY490-trk immunoreactivity was obtained following NT-3 infusion ( Figure 6B ). This may reflect the presence of trkC within visual cortex at levels comparable to trkB (Allendoerfer et al., 1994) and the ability of the antibody to recognize pY490-trkC, although it is also possible that, at sufficiently high concentrations, NT-3 may act as an agonist of trkB (Strohmaier et al., 1996) . Thus, the infusion of NT-4/5 or NT-3 clearly affected the phosphorylation of trk receptors within nearby cortex. We also investigated the effects of blockade of endogenous neurotrophin action on trk autophosphorylation at residue Y490. As shown in Figure 7 , infusion of trkBIgG for 2 days into primary visual cortex in P36 ferrets led to a dramatic decrease in pY490-trk immunoreactivity in the white matter surrounding the infusion site. There is Immunohistochemistry for pY490-trk indicates that manipulation of neurotrophin availability does indeed result in changes in the phosphorylation state of their receptors, the trk proteins. As suggested from immunophosphorylated peptide, but not by the unphosphorylated peptide, was used to demonstrate the specificity histochemical analysis of trkB localization during visual cortex development (Cabelli et al., 1996) , trkB is present of the anti-pY490-trk staining of tissue sections (data not shown). Following infusion of NT-4/5 for 2 days into in many different locations and structures, nearly all of which seem to be responsive to the experimental pervisual cortex, a significant increase in pY490-trk immunoreactivity was noted surrounding the cannula site turbation of ligand availability. 
Blockade of TrkB Action Does Not Grossly Alter Discussion Cortical Cytoarchitecture
Identification of the signaling molecules that participate It was important to verify that the absence of OD patches in the remodeling of axonal arbors orchestrated by synin layer 4 following infusion of excess trkB-IgG did not aptic competition is a long-standing goal of neurobiolresult simply from a catastrophic effect on cortical strucogy. The recent observation that continuous application ture or function, such as the loss of layer 4 or LGN of NT-4/5 or BDNF inhibits the formation of OD patches neurons upon blockade of trkB action. Although trkBin layer 4 of visual cortex suggested that one or more IgG was infused long after the phases of naturally ocligands of trkB might be integrally involved in synaptic curing cell death of cortical plate neurons (Ferrer et al., competition in this system (Cabelli et al., 1995) . The 1992; Blaschke et al., 1996) and LGN neurons (Williams ability to obtain a response to neurotrophin application and Rakic, 1988), there could still be an ongoing requiredoes not, however, necessarily mean that that neuroment, either direct or indirect, for neurotrophins for the trophin plays an essential role in that process in vivo. maintenance of neuronal survival. Accordingly, repreIn fact, very little evidence has been gathered so far sentative sections from brains in each treatment group that directly tests the role of neurotrophins in specific were stained with cresyl violet to assess overall cortical processes in mammalian CNS function or development. or thalamic cytoarchitecture. As shown in Figure 8 , the The development of pharmacological agents based on laminar structure of visual cortex, as well as cell morthe binding affinities of the extracellular domains of the phology and density within individual layers, appeared cellular neurotrophin receptors (McMahon et al., 1995) grossly normal following trkB-IgG infusion, or infusion and of function-blocking antibodies to certain neuroof the other trk-IgGs (data not shown). While the prestrophins (Gaese et al., 1994; Ghosh et al., 1994 ; Cohenence of subtle effects on any of these parameters can Cory and Fraser, 1995) now allows direct assessment not be excluded, there was clearly no major loss of of the role of particular neurotrophins in specific aspects neurons within the 2-3 week period of the infusions.
of neuronal development and function. Similarly, the morphological appearance of the LGN was
In the present study, we have shown that the segregagrossly normal, and we could not find any clear indication of LGN axon terminals into eye-specific patches in tion of cell shrinkage or loss upon visual inspection of layer 4 of the visual cortex requires the action of an sections (data not shown). The maintained restriction of endogenous ligand of the neurotrophin receptor trkB. LGN axon terminals to layer 4, within regions in which Sequestration of endogenous BDNF and NT-4/5 through OD segregation was inhibited, is a further indication of infusion of an excess of trkB-IgG inhibits the formation the specificity of the effect. A number of other measures of OD patches in layer 4, whereas infusion of trkA-IgG of cortical neuron structure and function, including synor trkC-IgG has no effect. The lack of effect of the latter aptophysin and neuropeptide Y immunoreactivity and two agents matches the inability of excess infused NGF NADPH diaphorase histochemistry, were examined and or NT-3 (Cabelli et al., 1995) to prevent OD patch formafound to be within normal limits (data not shown). Thus, tion. This finding is among the first, to our knowledge, we conclude that the infusion of trkB-IgG does not to demonstrate an in vivo requirement for trkB in the cause extensive cell loss, at least over the 2-3 week development of patterns of neural connectivity in the mammalian CNS. period chosen for these experiments. of visual cortex. Average grain density is thought to reflect the degree of branching and arborization of axon terminals (Antonini and Stryker, 1996) . Quantitative analysis suggests that within the regions in which OD patch formation was inhibited the silver grain density index increased following NT-4/5 infusion and decreased following trkB-IgG infusion, possibly reflecting, respectively, increased and decreased branching and axon arborization. A more definitive assessment of changes in average silver grain density was not possible, due to significant experimental variation in label density across visual cortex. We consider it unlikely that the reduction in OD patch formation was due to a specific toxic inhibition of axonal transport resulting from neurotrophin deprivation. Such an effect would be likely to be accompanied by significant reductions in the viability of both LGN and layer 4 neurons, which was not observed. It will be necessary in the future to determine the morphology of individual axons following infusion of these reagents using other labeling techniques; unfortunately, these techniques are, at present, extremely arduous as applied to the cat visual system. However, from the studies of Cohen-Cory and Fraser on the developing retinotectal system in Xenopus, it is clear that the addition of BDNF can indeed cause a proliferation of axon branches, whereas function-blocking BDNF antibody Inhibition of OD segregation was observed to be specific for trkB-IgG; neither trkA-IgG nor trkC-IgG had any effect on segregation. This does not appear to result from Many questions remain to be answered, however, bedifferences in the bioavailability of the three trk-IgGs, fore the precise role of endogenous ligands of trkB in since trkA-IgG and trkB-IgG possess roughly compara-OD segregation can be deduced. In particular, further ble in vivo stability (the stability of trkC-IgG was not interpretation of our data depends greatly on the nature determined), and since all three trk-IgG's diffused extenof the effects of neurotrophin and neurotrophin blocker sively and to a similar degree from the infusion site, both infusion, and the site(s) of action within visual cortex of within the white matter and into the adjacent cortical the reagents infused in this and also in our previous plate. Thus, while all four neurotrophins are known to study (Cabelli et al., 1995) . be present within visual cortex, only trkB-IgG, through sequestration of BDNF and/or NT-4/5, is capable of preventing the formation of OD patches in layer 4.
Interpretation of Autoradiographic Labeling Patterns
The ability of BDNF to down-regulate the expression of trkB in vitro (Frank et al., 1996) has led to some conOcular dominance patch formation was assayed using the transneuronal anterograde tracer, [ 3 H]-proline, to lacern that the effects of neurotrophin infusion, for example, during prolonged experiments might result from bel the LGN axon terminals connected synaptically to the eye ipsilateral to the infused hemisphere, followed decreased, rather than increased, ligand-dependent receptor activation. In this study we have shown that 2-day by emulsion autoradiography to place silver grains over the [ 3 H] label. Three parameters of silver grain density infusions of neurotrophins or neurotrophin blockers lead to the expected enhancements or reductions, respecin layer 4 were examined quantitatively: peak amplitude (peak-to-trough height), periodicity (peak-to-peak distively, of receptor autophosphorylation. In addition, it has been demonstrated recently that intracortical infutance), and average grain density. The first two parameters provide an indication of the clustering of terminals sion of BDNF for 2 weeks leads to increased levels of trk autophosphorylation, assayed biochemically, despite a and, thus, the degree of segregation. In trkA-IgG or trkC-IgG infused brains, or in regions outside of the modest repression of overall levels of trkB protein (Lyons et al., 1996, Soc. Neurosci., abstract) . infused areas in the treated brains, these values were indistinguishable from values derived from control Immunohistochemistry for a specific autophosphorylated form (pY490) of the trk receptors reveals that both brains. In contrast, the average peak amplitude was markedly reduced in trkB-IgG-infused brains within 1.25
NT-4/5 and NT-3, infused for a two-day period, are able to dramatically promote receptor activation within cells mm of the infusion site, compared to adjacent regions in all laminae of visual cortex, although only NT-4/5 (and
Site of Action of Infused Agents
Many sites of neurotrophin action within the geniculo-BDNF) inhibit OD segregation. Moreover, administration cortical system remain plausible. The most straightforof NT-3 or NGF, in addition to BDNF or NT-4/5, to orward model proposes retrograde action of a neurotrophin ganotypic slices prepared from P14 ferret visual cortex present in limiting concentrations at the geniculocortical results in increased branching and dendritic length in synapse. The localization of trkB receptor and ligands certain pyramidal neurons in layers 4, 5, and/or 6, deduring this period in development supports the feasibilpending on the identity of the particular neurotrophin ity of this model. We have previously shown that LGN (McAllister et al., 1995) . The specificity that we have neurons express trkB and that changes in the immunoseen for ligands of trkB in the perturbation of OD segrehistochemical distribution of trkB within the LGN coingation in vivo is thus highlighted by the contrasting abilcide with the onset of OD segregation (Cabelli et al., ity of a broader spectrum of neurotrophins to affect 1996). Preliminary evidence has been obtained recently receptor autophosphorylation and in vitro dendritic resuggesting that trkB is associated with LGN axon termimodeling in multiple cortical layers. nals in layer 4 of the visual cortex (M. Silver and M. P. Stryker; personal communication). In addition, low levels of BDNF mRNA have been identified by in situ hybridizaIdentity of Endogenous Ligand of TrkB tion in neurons within layer 4 of the visual cortex (Lein Both the earlier neurotrophin infusion experiments (Cabet al., 1995, Soc. Neurosci., abstract) . We have noted elli et al., 1995) and the trk-IgG infusion experiments that fibers (of undetermined origin) within the white matpresented here point to a requirement for an endogeter express trkB, take up infused NT-4/5, and become nous ligand of trkB in OD segregation. Messenger RNAs autophosphorylated on trk in response to NT-4/5 infufor both ligands of trkB, BDNF and NT-4/5, are present sion (R. J. Cabelli and C. J. Shatz, unpublished data). in cortex. BDNF mRNA has been detected by in situ
The demonstration by Riddle et al. (1995) that intracortihybridization in all layers of cat visual cortex at the relecal NT-4/5 administration prevents the reduction in LGN vant ages, though less abundantly in layer 4, and in the cell soma size associated with monocular deprivation LGN (Lein et al., 1995, Soc. Neurosci., abstract) . NT-4/5 also implies the presence of trkB on LGN axons, unless mRNA has been detected by Northern analysis in rat this effect was indirect; secondary, for example, to the cortex (Timmusk et al., 1993) , although no cellular localpromotion or stabilization of synaptic contacts between ization data has been reported. Moreover, preliminary
LGN axons and layer 4 neurons. immunohistochemical analysis using antibodies directed It is notable that the arborization of geniculate axons against NT-4/5 suggests a broad distribution of NT-4/5 seen in the presence of exogenous NT-4/5 or BDNF protein within visual cortex, although the specificity of remains confined to layer 4 within the cortical plate (Cabthese antibodies has not yet been fully authenticated elli et al., 1995) , despite the presence of the infused (Cabelli et al., 1995, Soc. Neurosci., abstract) . Thus, the neurotrophin throughout all cortical layers and the white endogenous ligand of trkB could correspond to BDNF, matter. This suggests that the effect of infusion of excess trkB ligands is not simply to promote promiscuous NT-4/5, or even an as yet unidentified molecule. sprouting of axons; the effects of neurotrophin infusion with secondary impact on the degree and pattern of axon arborization, or a direct effect on the mechanisms on arborization of geniculate axons, whether direct or not, are subject to the same regulatory controls as northat regulate axon sidebranch extension and retraction. Are neurotrophins acting in an instructive or a permismally restricts arborization to layer 4.
Subsets of neurons throughout all layers of visual cortex sive manner here? At first glance, the ability of excess NT-4/5 or BDNF to inhibit OD segregation (Cabelli et al., express trkB (Cabelli et al., 1996) , and trk autophosphorylation on these neurons has been shown in this study 1995) suggests that the neurotrophin is normally present in limiting amounts and could play an instructive role to be modulated by the addition or removal of neurotrophins. NT-4/5 and BDNF are able to selectively modify in determining which synapses and axon sidebranches become stabilized. It must be noted, however, that the the morphology of basal and apical dendritic arbors of pyramidal neurons in layers 4, 5, and 6 in cortical slices effects of excess ligand are also consistent with a role in which neurotrophins do not act instructively, but, at (McAllister et al., 1995) . Not only is trkB present on the cell bodies and dendrites of many cortical pyramidal physiological concentrations, act synergistically with other signaling molecule(s) that are the actual sensors neurons (Cabelli et al., 1996; Fryer et al., 1996) ; it has also been shown that many parvalbumin-expressing of the timing and pattern of synaptic activation or are the limiting determinants of the site of action. An instrucGABAergic neurons within adult rat visual cortex are trkB-immunoreactive (Cellerino et al., 1996) . In view of tive role for neurotrophins in OD segregation places severe restrictions on neurotrophin action (Thoenen, the pronounced effects of trkB ligands in vitro on the phenotypic properties of GABAergic neurons and 1995; Bonhoeffer, 1996; Snider and Lichtman, 1996) , including a requirement for activity-dependent secre-GABA-mediated synaptic transmission, Cellerino et al. (1996) have suggested that GABAergic interneurons tion, in order that neurotrophin availability be a reflection of synaptic activation, and also the existence of some may also be a relevant target of trkB ligands in their effects on OD segregation. mechanism(s) (such as temporal coding or spatial restriction of neurotrophin release and action) for making Since LGN neurons are immunoreactive for trkB, a direct effect of trkB-IgG on neurotrophin activation of responsiveness to released neurotrophins synapsespecific. A possible permissive role for neurotrophins trkB on LGN axons within layer 4 is highly likely. Without the ability to block these receptors selectively on LGN has been suggested by Bear and Huber (1996, Soc. Neurosci., abstract), based on long-term (2-5 hr) moduaxons, however, it is currently impossible to rule out contributions from other cortical cell types, including latory effects of BDNF on the frequency threshold for initiating LTP instead of LTD in layer 2/3 of cortical slices, the possibility of anterograde, rather than retrograde, action of a trkB ligand at geniculocortical synapses.
in which the level of BDNF dictates the balance between the probability of triggering LTP versus LTD. Further Nevertheless, the results of our study argue strongly for an essential role for an endogenous ligand of trkB in exploration of the site and mechanism of neurotrophin release and action in visual cortex during OD segrega-OD segregation. tion, with a special focus on the mechanisms by which neurotrophins modulate synaptic transmission and axon Role of Neurotrophins in Activity-Dependent Synaptic Plasticity remodeling, will clearly be necessary to distinguish among these and other possible roles. The recent proposal that certain neurotrophins may play a crucial role in the modification of synaptic efficacy
Experimental Procedures
and pattern of synaptic connectivity during development (Domenici et al., 1991; Thoenen, 1995; 
Surgical Procedures and Tissue Preparation
autophosphorylation was analyzed immunohistochemically in three cats infused with NT-4/5 and in two infused with NT-3. In addition, All surgical procedures were carried out in accordance with the institutional guidelines of the Animal Care and Use Committee and immunohistochemical analysis was carried out on sections from P36 ferrets infused with either NT-4/5, NT-3, or trkB-IgG. With respect to Office of Laboratory Animal Medicine of the University of California, Berkeley. Intracortical minipump implantations and injections and OD segregation in particular and cortical development in general, a P36 ferret is approximately equivalent to a P24 cat (LeVay et al, intraocular injections were carried out under aseptic surgical conditions, and all experimental animals were maintained in an anaesthe-1978; Ruthazer et al., 1995, Soc. Neurosci., abstract) . tized state using the gaseous anaesthetic isoflurane throughout all procedures.
Quantitative Analysis of Ocular Dominance Patches To adminster neurotrophins and neurotrophin blocking agents Darkfield images of horizontal sections through visual cortex, obduring the period of OD segregation, the cannula, a 30 gauge staintained using a Nikon SMZ-U stereomicroscope, were imported via less steel beveled needle, was inserted into the dorsal surface of a CCD camera using Metamorph software and saved as TIF files. the lateral gyrus at a depth of 1-3 mm with the bevel facing towards Silver grain density in layer 4 was quantified in inverse gray-scale the midline. A 3 mm diameter craniotomy was performed to allow images using NIH image 1.60 and a macro designed to automate visualization of the dural and pial surfaces prior to insertion of the summation and averaging of pixel density (using a 0-255 gray scale) needle. The needle was inserted through a 3 mm diameter plastic across layer 4 for each point on the anterior-posterior axis. Each disc (1 mm thick) and plastic mesh (5 mm diameter), and the entire image was thus represented by a graph of grain density in layer 4 assembly was fixed to the skull using sterile dental acylic. The os-(y-axis) versus position on the anterior-posterior axis (x-axis); for motic minipump (Alzet), connected to the needle via vinyl tubing, examples, see Figures 1-4 and Cabelli et al., 1995 . The resulting was placed into the subcutaneous space at the back of the neck. The graphical data was analyzed using the peakfinding capabilities of incision was closed using vicryl suture material and a continuous, Superscope II software. For each brain, all usable slides in the buried, subcuticular stitch pattern. Amoxicillin was administered vicinity of the cannula site were analyzed to obtain information on orally for the first 7 days following the cannula and minipump implanthe distribution of fluctuations (i.e., peaks) in silver grain density. tation. Trk-IgGs and neurotrophins were infused at a rate of 0.5 l/
The following parameters were calculated: position of peaks on the hr for 2 week infusions and ‫33.0ف‬ l/hr for 3 week infusions. The x-axis, distance between peaks (equivalent to periodicity), peak-toreduced flow rate ‫33.0ف(‬ l/hr) was achieved by coating ‫3/1ف‬ of trough height (peak amplitude), and average y-axis value (average the surface area of the minipump with hot paraffin prior to filling grain density). For each section, a window of specified width was and implantation. defined in the x-axis, centered on the position of the cannula track To reveal the OD patches in layer 4, geniculocortical afferents in the adjacent white matter. Immediately adjacent windows of equal were labeled with the transneuronal tracer [ 3 H]-proline (LeVay et al., width were set on either side of the cannula window. Average peak 1978). Proline (2 mCi in 25 l) was injected at a rate of 1-2 l/ amplitudes and periodicity values were automatically calculated for min into the vitreous chamber of the eye ipsilateral to the cortical each window, and the values for the cannula window were then hemisphere receiving the infusion 7-14 days prior to the termination expressed as a percentage of the average corresponding values for of the experiment. Half of the injected proline was injected into the the adjacent (control) windows (see diagram, Table 1 ). Since there temporal retina and half into the nasal retina in order to enhance are wide variations in signal intensity within the visual cortex, probathe uniformity of the retinal labeling. The ipsilateral eye was always bly based in part on experimental variations in the uniformity of injected since at P42 patches are more clearly observed in visual labeling of the retinal ganglion cells, and from section to section, cortex ipsilateral to the injected eye than in contralateral cortex.
based on variations in the efficiency of emulsion autoradiography This is because the specificity of the labeling in contralateral cortex and subsequent image processing, it was necessary to normalize is confounded by spillover of some of the transported label from the data obtained within potentially affected regions to immediately fibers of passage into LGN layers receiving input from the uninadjacent regions within the same section. Calculations were carried jected, ipsilateral eye (LeVay et al., 1978) . Animals were anaestheout at several settings of the window width in sections from each tized and perfused as described previously (Cabelli et al., 1995). brain, in order to define the maximal area affected by the infusion. Brains were postfixed overnight at 4ЊC; small tissue blocks were No effects of trkA-IgG or trkC-IgG on these parameters of OD cryoprotected in 25% sucrose in phosphate buffer, frozen in dry patches were found at any window setting; the values presented in ice, and stored at Ϫ80ЊC with a protective coating of 25% sucrose Table 1 were calculated at a window setting of 3 mm for trkA-IgG until sectioning. Horizontal sections (25 m thick) were cut on a and trkC-IgG. The average grain density values in the cannula winsliding microtome and placed into vials in groups of six. Sections dows in sections from the trkB-IgG-and NT-4/5-infused brains were were mounted and stained with cresyl violet for histological examinormalized, on a linear scale, to the average peak grain density nation, or coated with NTB-2 emulsion (Kodak) for emulsion autoravalues, set to 1.0, and the average trough grain density values, set diography, as described previously (LeVay et al., 1978; to 0, in the adjacent windows: this resulting number is the grain al., 1995).
density index. For analysis of neurotrophin and pY490-trk immunohistochemistry following infusions of NT-4/5 or NT-3 into cat visual cortex, canImmunohistochemistry nulas and osmotic minipumps were implanted into P40 cats as Free-floating 25 m thick, sliding microtome sections were used described above, infusing neurotrophins (0.1-0.2 mg/ml) at a flow immediately after being sectioned. Sections were washed with PBS, rate of 0.5 l/hr. except for pY490-trk immunohistochemistry, in which case TBSV Minipump cannulas and injections into the visual cortex of P36 (10 mM Tris-HCl [pH 7.4], 137 mM NaCl, 2.6 mM KCl, and 1 mM ferrets were placed ‫5.3ف‬ mm lateral to the midline, using visual sodium orthovanadate) was used in the initial wash and as the basis cues (the skull is still semi-transparent at this age) to confirm the for all subsequent solutions. For anti-human Fc immunohistochempositioning of the needles, and guided by a micromanipulator. Injecistry, sections were blocked overnight at 4ЊC in wash buffer suppletions of trkA-IgG, trkB-IgG, NT-4/5, or NT-3 were carried out using mented with 5% normal horse sera, 0.5% BSA, and 0.1% Tween-20 a 33 gauge needle; 5-10 l was injected over a 5 min period. Latex (blocking buffer), followed by incubation with biotinylated antimicrospheres (Lumafluor) were injected to mark the injection sites.
human Fc (Vector Laboratories, 1:200 dilution in blocking buffer) for A cube of tissue ‫3ف(‬ ϫ 3 ϫ 3 mm) centered on and containing the 12-16 hr at 4ЊC. Sections were washed in PBS (2 ϫ 5 min, 1 ϫ 30 injection site was excised and rapidly frozen either immediately after min), incubated with the ABC reagent in PBS (prepared according completion of the injections or following a 2-day survival period.
to the instructions of the manufacturer, Vector Labs) for 45 min at For description of the two-site ELISA analysis of trk-IgG stability room temperature, washed in PBS (2 ϫ 5 min, 1 ϫ 30 min), and within these tissue blocks, see below.
reacted with 0.05% diaminobenzidene (DAB) in the presence of A total of five cats infused with trkB-IgG, four infused with trkA-0.033% H2O2. IgG, and three infused with trkC-IgG were analyzed for OD segregaFor anti-pY490-trk immunohistochemistry, sections were blocked tion in layer 4. In addition, a number of infusions were carried out overnight at 4ЊC in TBSV supplemented with 5% normal donkey with BSA (n ϭ 4) or with IgG protein fusions unrelated to the trks (n ϭ 6) and were analyzed for comparison (data not shown). Trk sera and 0.5% Triton X-100 (blocking solution) and then incubated with primary antibody (diluted 1:25 in blocking solution suppleCabelli, R.J., Allendoerfer, K.L., Radeke, M., Welcher, A.A., Feinstein, S.C., and Shatz, C.J. (1996) . Changing patterns of expression and mented with 10% normal ferret serum) for 12-16 hr at 4ЊC. Sections were washed in TBSV (2 ϫ 5 min, 1 ϫ 30 min) and incubated with subcellular localization of trkB in the developing visual system. J. Neurosci. 14, 7965-7980. biotinylated anti-rabbit antibody (Vector Labs) at a 1:500 dilution in TBSV containing 5% normal donkey serum and 10% normal ferret Cellerino, A., Maffei, L., and Domenici, L. (1996) . The distribution of serum for 1 hr at room temperature. Sections were then washed, brain-derived neurotrophic factor and its receptor trkB in parvalincubated with ABC reagent, washed, and reacted with DAB as bumin-containing neurons of the rat visual cortex. Eur. J. Neurosci. above, except that all solutions were made in TBSV.
8, 1190-1197.
Cohen-Cory, S., and Fraser, S. (1994) . BDNF in the development of Two-Site ELISA Analysis the visual system of Xenopus. Neuron 12, 747-761. A two-site ELISA assay was developed to measure the level of intact Cohen-Cory, S., and Fraser, S.E. (1995) . Effects of brain-derived trk-IgG. ELISA plates were coated with F(ab') 2 fragments of goat neurotrophic factor on optic axon branching and remodelling in vivo. anti-human Fc (Jackson Labs, 1 g/ml in 0.1 M Tris [pH 9.5]) as a Nature 378, [192] [193] [194] [195] [196] . capture reagent and blocked with dilution buffer (0.5% BSA and Cohen-Cory, S., Dreyfus, D.F., and Black, I.B. (1991). NGF and excit-0.05% Tween-20 in PBS). Dilution series of samples from cleared atory neurotransmitters regulate survival and morphogenesis of culhomogenates were then incubated with the plates for 2 hr at room tured cerebellar Purkinje cells. J. Neurosci. 11, 462-471. temperature. Intact trk-IgG molecules bound to the plate were deDiamond, J., Holmes, M., and Coughlin, M. (1992) . Endogenous tected by incubation with either rabbit polyclonal antibody directed NGF and nerve impulses regulate the collateral sprouting of sensory against peptides derived from the trkB extracellular domain (1:1000; axons in the skin of the adult rat. J. Neurosci. 12, 1454-1466. Armanini et al., 1995) or mouse monoclonal antibody directed against the extracellular domain of human trkA (Hongo et al., 1996 , Domenici, L., Berardi, N., Carmignoto, G., Vantini, G., and Maffei, Soc. Neurosci., abstract), incubation with appropriate peroxidase-L. (1991) . Nerve growth factor prevents the amblyopic effects of conjugated second antibody (Jackson Labs, 1:5000), and developmonocular deprivation. Proc. Natl. Acad. Sci. USA 88, 8811-8815. ment with o-phenylenediamine (Sigma, 0.4 mg/ml in PBS with Ferrer, I., Soriano, E., del Rio, J.A., Alcantara, S., and Auladell, C. 0.012% H2O2). Total Fc content was determined by incubating plates (1992) . Cell death and removal in the cerebral cortex during developcontaining captured samples with peroxidase-conjugated antiment. Prog. Neurobiol. 39, 1-43. human Fc (Jackson Labs, 1:5000) instead of trk-specific antibodies.
Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., and Lu, B. All sample and antibody solutions were diluted and incubated in (1996) . Regulation of synaptic responses to high-frequency stimuladilution buffer, and plates were washed nine times between each tion and LTP by neurotrophins in the hippocampus. Nature 381, incubation with 0.05% Tween-20 in PBS.
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